Introduction
============

Lung cancer remains the leading cause of cancer-related death and accounts for 29% of all cancer deaths in the United States despite advances in drug development and surgical procedures. The overall 5-year survival rate of lung cancer is approximately 15%.^[@bib1],\ [@bib2]^ Even for those fortunate to have an early stage diagnosis, 40% will have recurrence after resection and eventually die owing to metastasis.^[@bib3]^ The primary cause of lung cancer is smoking that causes somatic mutations of oncogenes and/or tumor suppressors. Research into the underlying mechanisms has identified oncogenic 'driver\' mutations in genes such as *KRAS*, *EGFR*, *p53* and others that lead to lung cancer development. This research coupled with genome-wide mutation and epigenetic studies of lung cancer also indicates the existence of additional molecular oncogenic events, including those representing heterogeneity of lung cancer pathogenesis even in tumors with similar key driver mutations. Understanding these additional contributing events hopefully will provide new lung cancer therapeutic opportunities.

Leucine Zipper Transcription Factor-like 1 (*LZTFL1*) is a gene located in the chromosome region 3p21.3 where allelic loss and genetic alterations occur early and frequently in lung cancers.^[@bib4],\ [@bib5]^ Although LZTFL1 was originally suggested to be a transcription factor based on its sequence similarity to the bHLH family of transcription factor,^[@bib4]^ it is a cytoplasmic protein that was shown to interact with other cytosolic proteins regulating ciliary trafficking and controlling β-catenin nuclear signaling.^[@bib6],\ [@bib7],\ [@bib8],\ [@bib9]^ Previously, we found that LZTFL1 is expressed in differentiated epithelial cells of a variety of normal tissues, including the lung, and is downregulated in corresponding tumors.^[@bib6],\ [@bib7]^ We showed that LZTFL1 could function as a tumor suppressor in gastric cancers^[@bib6]^ and suppresses gastric cancer cell migration and invasion through regulating nuclear translocation of β-catenin, indicating a WNT pathway connection.^[@bib7]^ In lung cancer, WNT/β-catenin signaling has been shown to cooperate with the KRAS pathway, resulting in accelerated and more aggressive tumor phenotype in mouse models of lung cancer.^[@bib8]^ LZTFL1 inhibits ciliary entry of BBSome that is involved in ciliary trafficking of SMO, thus a negative regulator of hedgehog (Hh) pathway signaling.^[@bib9]^ Aberrant activation of Hh signaling pathway has been implicated in the development of a variety of tumors, including lung cancer.^[@bib10],\ [@bib11]^ Hh signaling has been shown to have a cell-autonomous role in initiation and maintenance of small-cell lung cancer.^[@bib11]^ Both WNT/β-catenin and Hg signaling pathways are known to activate epithelial-to-mesenchymal transition (EMT),^[@bib12],\ [@bib13]^ a process in which epithelial cells acquire a mesenchymal (fibroblast-like) cell phenotype to become more invasive and metastatic. These data suggest us to test whether LZTFL1 may have a role in the development of EMT and the metastatic phenotype of lung cancer.

In the current study, we show that LZTFL1 is expressed in ciliated human bronchial epithelial cells (HBECs) and upregulation of LZTFL1 in HBECs correlates with epithelial cell differentiation. By contrast, we find that LZTFL1 is downregulated in many lung adenocarcinoma and squamous cell carcinomas, and such loss of LZTFL1 expression is correlated with inferior recurrence and survival rates. Functionally, re-expression of LZTFL1 in lung cancer cells inhibits colonization of circulating tumor cells to the lung in an *ex vivo* metastasis assay and tumorigenesis *in vivo*. Mechanistically, we show that re-expression of LZTFL1 downregulated the expression of matrix metalloproteinase 10 (MMP10) and sonic hedgehog (SHH). Knockdown of LZTFL1 in LZTFL1-expressing lung cancer cells resulted in downregulation of epithelial cell marker E-cadherin (CDH1) and upregulation of mesenchymal cell marker, including transcription factor ZEB1. Furthermore, we show that LZTFL1 can interact with BRAF and inhibit the mitogen-activated protein kinase (MAPK) signaling in response to transforming growth factor β (TGFβ). Taken together, our results suggest that LZTFL1 inhibits lung tumorigenesis by maintaining cell differentiation and inhibition of signaling pathways that lead to EMT.

Results
=======

LZTFL1 is downregulated in non-small cell lung carcinoma (NSCLC) and its expression level is associated significantly with non-recurrent events and better survival rate
------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Previously, we found that LZTFL1 is expressed in normal lung epithelium and downregulated in lung cancer on a tissue array by immunohistochemistry (IHC).^[@bib6]^ To validate our observation in a larger cohort of patient samples, we performed IHC staining of LZTFL1 in 46 paired normal lung and NSCLC tumor samples obtained from the MD Anderson Cancer Center Thoracic Tissue Bank.^[@bib14]^ A strong positive staining of LZTFL1 was observed in the cytoplasm of normal bronchial epithelial cells ([Figure 1a](#fig1){ref-type="fig"}). A varying degree of downregulation of cytoplasmic LZTFL1 and alteration in cellular localization were observed in lung adenocarcinoma and squamous cell carcinoma. Cytoplasmic expression of LZTFL1 in adenocarcinoma exhibited a significant inverse correlation with the disease recurrence ([Figure 1b](#fig1){ref-type="fig"}). We further examined the association of survival rate with the LZTFL1 expression level in a genome-level transcriptomic meta-database using the online survival analysis software kmplot ([www.kmplot.com/lung](http://www.kmplot.com/lung)). This meta-database consists of 10 independent data sets of 1715 samples.^[@bib15]^ Higher LZTFL1 level is associated significantly with a higher survival rate in all lung adenocarcinomas ([Figure 1c](#fig1){ref-type="fig"}). This survival benefit was also found in never smoking lung adenocarcinoma patients ([Figure 1d](#fig1){ref-type="fig"}), whereas no survival benefit was found in smoking lung adenocarcinoma patients ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). We also analyzed The Cancer Genome Atlas (TCGA) level 3 lung adenocarcinoma and squamous cell carcinoma data sets using X-tile program,^[@bib16]^ which allowed us to identify the population subsets based on LZTFL1 expression level along with an associated Kaplan--Meier curve. A significantly higher survival rate associated with higher LZTFL1 expression was also found in adenocarcinoma patients ([Figure 1e](#fig1){ref-type="fig"}). No statistically significant survival benefit was observed for squamous cell carcinomas with either kmplot ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}) or X-tile ([Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}). We also analyzed the copy number variation (CNV) of LZTFL1 in TCGA database. For adenocarcinoma, a higher survival rate is associated with higher CNV number although it did not reach statistically significance (hazard ratio=0.658 (0.420--1.032), logrank *P*=0.0663; [Figure 1f](#fig1){ref-type="fig"}).

LZTFL1 inhibits anchorage-independent lung tumor cell growth
------------------------------------------------------------

We screened the expression of LZTFL1 in three NSCLC cell lines, and consistent with LZTFL1 being expressed in differentiated lung epithelium, we found that LZTFL1 expression is relatively high in H2347 that is isolated from a well-differentiated primary tumor and low (no expression) in those from metastatic sites (HCC95 and H460) ([Figure 2a](#fig2){ref-type="fig"}). H2347 cells are differentiated with expression of the general epithelial cell marker CDH1 and differentiated tumor cell marker KRT18^[@bib17]^ ([Figure 2a](#fig2){ref-type="fig"}). HCC95 cells are partially differentiated cells that retain the expression of CDH1 but have lost KRT18 expression and also express basal cell marker p63 that is considered to be the stem/progenitor cells of the pulmonary epithelium.^[@bib18],\ [@bib19]^ H460 cells are the least differentiated. To investigate whether LZTFL1 has an active role in the development of NSCLC, we generated several stable cell lines that overexpress either control green fluorescent protein (GFP) or LZTFL1 with bicistronic GFP (LZTFL1-ires-GFP, abbreviated as LZTFL1-GFP hereafter for simplicity) in HCC95 and H460 cells using a lentiviral transduction system. The expression levels of ectopic LZTFL1 in HCC95 and H460 cells are similar to that of endogenous LZTFL1 in normal HBECs ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). Although overexpression of LZTFL1 did not inhibit tumor cell proliferation in monolayer (data not shown), it partially suppressed the anchorage-independent growth of tumor cells in soft-agar assays ([Figure 2b](#fig2){ref-type="fig"}) and inhibited the migratory ability of the cells ([Figure 2c](#fig2){ref-type="fig"}).

LZTFL1 inhibits lung tumorigenesis *in vivo*
--------------------------------------------

To test whether LZTFL1 inhibits lung tumorigenesis *in vivo*, we intravenously (IV) injected H460-GFP or H460-LZTFL1-GFP cells into NOD/SCID mice through the tail vein and followed the tumor progression through bioluminescent imaging using H460 cells expressing a Luciferase reporter ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). The number of tumor nodules formed in the lungs of mice injected with LZTFL1-GFP-expressing cells was significantly lower than that of mice injected with control vector GFP-expressing cells ([Figure 2d](#fig2){ref-type="fig"}). In addition, histological examination showed frequent large dense tumor nodules with severely damaged alveoli in mice injected with GFP cells, while infrequent tumor nodules and tumor cells were seen in mice injected with LZTFL1-GFP cells ([Figure 2e](#fig2){ref-type="fig"}).

LZTLF1 inhibits extravasation/colonization of lung tumor cells
--------------------------------------------------------------

The IV injection model contains several steps of metastasis, including tumor cell dissemination through the circulation, extravasation and colonization to the distal tissue/organs. To identify the step(s) that LZTFL1 may inhibit lung tumor metastasis, we tested the effect of LZTFL1 on metastasis of circulating tumor cells in an *ex vivo* pulmonary metastasis assay.^[@bib20]^ HCC95 cells expressing either GFP or LZTFL1-GFP were IV injected into a mouse via tail vein. Metastatic progression from a single cell to a colony in the lung was monitored in real time by GFP-fluorescence in an *ex vivo* lung culture ([Figure 2f](#fig2){ref-type="fig"}). Although similar number of GFP-positive cells were observed between lung tissues injected with control vector GFP-expressing or LZTFL1-GFP-expressing HCC95 cells at 6 h postinjection, significantly lower numbers of GFP-positive cell areas were observed in lung sections injected with LZTFL1-GFP cells 24 and 48 hr postinoculation compared with those injected with GFP-expressing cells ([Figure 2g](#fig2){ref-type="fig"}). Similar results were observed for lung tissues injected with H460-GFP and H460-LZTFL1-GFP cells ([Supplementary Figure S2C](#sup1){ref-type="supplementary-material"}). These data indicate that overexpression of LZTFL1 in tumor cells inhibits the ability of tumor cell to extravasate/colonize the lung in this preclinical model.

LZTFL1 is expressed in ciliated bronchial epithelial cells and its expression is associated with epithelial cell differentiation
--------------------------------------------------------------------------------------------------------------------------------

As lung epithelium contains multiple cell types, including ciliated (differentiated), undifferentiated columnar, secretory (Clara) and basal cells,^[@bib21]^ we co-stained human lungs with LZTFL1 and other cell markers to identify the cell types that express LZTFL1. We observed a graded LZTFL1 staining: low (no) staining in basal (stem/progenitor epithelial cells) cells, no expression in goblet cells, and highest in ciliated (highly differentiated) epithelial cells marked by β-tubulin-IV expression ([Figure 3a](#fig3){ref-type="fig"}). To further test whether LZTFL1 expression is associated with epithelial cell differentiation, we measured the transcript level of LZTFL1 in primary HBECs grown in an air--liquid interface (ALI) culture^[@bib22]^ in differentiation medium. Little or no LZTFL1 is expressed in the initial 3--7 days after seeding while most of the cells are still in an undifferentiated state. LZTFL1 transcription was upregulated when differentiated ciliated cells were emerging as marked by upregulation of FOXJ1^[@bib23]^ and reached maximum after ALI day 25 when fully differentiated and beating ciliated cells were present ([Figure 3b](#fig3){ref-type="fig"}, [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). We were able to partially 'knock down\' LZTFL1 in differentiating HBECs by infecting HBECs with lentiviruses containing LZTFL1-specific short hairpin RNA (shRNA; [Figure 3c](#fig3){ref-type="fig"}). Viral treatment of HBECs resulted in significantly less amount of ciliated HBECs in either control or LZTFL1 shRNA-infected cells compared with non-infected cells ([Figure 3d](#fig3){ref-type="fig"}). Although LZTFL1 shRNA downregulation did not block HBEC differentiation as the level of FOXJ1 in LZTFL1 shRNA-infected cells is similar to that of control vector shRNA-treated cells ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}), we did observe shorter cilia and fewer ciliated cells in LZTFL1 knockdown cells compared with control vector shRNA knockdown HBECs ([Figure 3d](#fig3){ref-type="fig"}, arrows), suggesting LZTFL1 may function downstream of FOXJ1 and may be involved in cilia organization and assemble.

MMP10 is downregulated in LZTFL1-overexpessing cells
----------------------------------------------------

To understand the potential mechanism(s) of metastasis inhibition, we studied the whole-genome expression profiles of HCC95-GFP, HCC95-LZTFL1-GFP, H460-GFP and H460-LZTFL1-GFP cells. Of the genes that are more than twofold upregulated or downregulated, we found 95 genes that are altered in both HCC95-LZTFL1-GFP and H460-LZTFL1-GFP cells compared with their respective control GFP-expressing cells ([Figure 4a](#fig4){ref-type="fig"}, [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). MMP10 is the top one gene that is downregulated in HCC95-LZTFL1-GFP cells. As MMP10 has been shown to be involved in cell migration and extravasation/colonization,^[@bib24]^ we focused on MMP10 and confirmed its downregulation in LZTFL1-overexprssng HCC95 and H460 cells and in a metastatic breast tumor cell line MDA-MB-231 ([Figure 4b](#fig4){ref-type="fig"}). Because LZTFL1 is a cytoplasmic protein, we speculated that MMP10 may not be a direct transcriptional target of LZTFL1 and LZTFL1 may affect a signaling pathway that leads to MMP10 reduction. We cloned the promoter of MMP10 and stimulated H2347 cells with TGFβ as it was shown to activate MMP10 transcription via the MAPK pathway.^[@bib25]^ LZTFL1 inhibited TGFβ-activated extracellular signal--regulated kinase (ERK) phosphorylation ([Figure 4c](#fig4){ref-type="fig"}). Probing for possible inhibition point(s) along the MAPK pathway, we found that LZTFL1 interacts with BRAF in a co-immunoprecipitation assay ([Figure 4d](#fig4){ref-type="fig"}). LZTFL1 inhibited the transcription of MMP10 at baseline and after TGFβ stimulation as well ([Figure 4e](#fig4){ref-type="fig"}). However, it failed to inhibit a constitutively active ERK kinase MEK1(R4 F)-activated MMP10 transcription ([Figure 4e](#fig4){ref-type="fig"}), suggesting LZTFL1 epistatically acting upstream of MEK1. Taken together, these data suggest that LZTFL1 may inhibit MMP10 expression by suppression of MAPK pathway, possibly via interacting with BRAF ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}).

We further investigated the effect of LZTFL1 knockdown in LZTFL1-expressing H2347 cells ([Figure 4f](#fig4){ref-type="fig"}). We used two independent LZTFL1 small interfering RNAs (siRNAs) and rescuing with siRNA-resistant LZTFL1 to address the potential off-target effect of siRNA. Downregulation of LZTFL1 in H2347 cells resulted in decreased expression of epithelial marker CDH1, which can be reversed by adding back ectopically expressed mouse lztfl1 ([Figure 4f](#fig4){ref-type="fig"}). Knockdown of LZTFL1 also upregulated the expression of mesenchymal marker ZEB1 ([Figure 4g](#fig4){ref-type="fig"}).

LZTFL1 expression inhibits SHH pathway activity in lung cancer cells
--------------------------------------------------------------------

As LZTFL1 was shown to be involved in ciliary trafficking and Hh signaling in normal cells, we investigated whether Hh signaling was altered in LZTFL1 exogenously expressed lung tumor cells. Downregulation of SHH in LZTFL1-expressing cells was confirmed by reverse transcriptase--PCR (RT--PCR; ([Figure 5a](#fig5){ref-type="fig"}) and western blotting analysis ([Figure 5b](#fig5){ref-type="fig"}). Light2 cells contain stably transfected Gli1-luciferase reporter that can be activated in response to Hh signaling.^[@bib26]^ We co-cultured control HCC95-GFP or HCC95-LZTFL1-GFP cells with light2 cells. Gli1-luc was downregulated in HCC95-LZTFL1-GFP/light2 co-culture compared with that in HCC95-GFP/light2 co-culture ([Figure 5c](#fig5){ref-type="fig"}), confirming that SHH secreted by HCC95-LZTFL1-GFP cells is indeed decreased. We also examined the SHH expression in HCC95-LZTFL1-GFP tumors grown in *ex vivo* lung culture. SHH in HCC95-LZTFL1-GFP tumors is significantly downregulated compared with that in HCC95-GFP tumors ([Figure 5d](#fig5){ref-type="fig"}).

Discussion
==========

The current studies have shown that resected NSCLCs with low expression of the 3p21.3 gene LZTFL1 have inferior survival and that re-expression of LZTFL1 in lung cancers leads to decreased soft-agar colony formation, migratory ability and *in vivo* metastases formation. By contrast, continued LZTFL1 expression is associated with normal lung epithelial cell differentiation. Thus 3p21.3 allele loss and loss of LZTFL1 expression are functionally important in the malignant behavior of lung cancer. In a most recent TCGA database search, we found that *LZTFL1* is homozygously deleted in 1.1% and mutated in 0.6% of lung cancer patients, similar to that of another tumor-suppressor gene RASSF1 in 3p21.3. Majority of the lung cancer patients have lower copy number of LZTFL1 gene. For adenocarcinoma, the survival rate with high CNV segment mean trends to being higher ([Figure 1f](#fig1){ref-type="fig"}). The allele loss coupled with probably epigenetic regulation of the remaining allele, downregulation at transcription and posttranscriptional levels or a combination of these mechanism(s) are likely the cause of loss of expression.

The mechanisms by which LZTFL1 inhibits lung cancer metastasis remain to be determined. Based on our studies, we speculate three possibilities. First, LZTFL1 may suppress EMT via inhibition of the MAPK signaling pathways. Several lines of evidence support this. (i) MMP10, CDH1 and ZEB1 are markers associated with EMT. TGFβ is known to promote EMT and regulates the expression of these EMT markers via the MAPK pathways. (ii) Alteration of LZTFL1 in lung tumor cells changes the expression of MMP10, CDH1 and ZEB1 ([Figure 4](#fig4){ref-type="fig"}). (iii) LZTFL1 interacts with BRAF and inhibits TGFβ-activated MAPK pathway ([Figure 4](#fig4){ref-type="fig"}). That being said, it is noted that evidences for a direct link between LZTFL1, MAPK/SHH pathway and EMT are lacking. Change of the expression of EMT markers may be due to the differentiation status of the cells or due to other secondary events.

Second, LZTFL1 may promote the maintenance of the differentiated state of lung epithelial cells via suppression of the SHH pathways. The association of LZTFL1 with HBEC differentiation appears important. Although knockdown of LZTFL1 did not alter FOXJ1 expression, it did result in shorter cilia and fewer ciliated cells compared with control shRNA-infected cells ([Figure 3d](#fig3){ref-type="fig"}), indicating that LZTFL1 acts downstream of FOXJ1 and has a role in final ciliogenesis. LZTFL1 may also be required for maintaining lung epithelium homeostasis by regulating the SHH pathway. SHH signaling has a critical role in lung branching morphogenesis during embryonic lung development. The activity of SHH is decreased during postnatal development and becomes undetectable in the adult lung. SHH signaling is reactivated during lung injuries, lung cancer and cancer cell EMT.^[@bib27],\ [@bib28]^ SHH secreted by epithelial cells can function as a paracrine factor that stimulates mesenchymal proliferation. We found that ectopic expression of LZTFL1 in lung cancer cells inhibits SHH ([Figure 5](#fig5){ref-type="fig"}), suggesting that LZTFL1 may have a role in maintaining the differentiated state of lung epithelial cells via suppressing the SHH signaling pathway. That being said, it is noted that the mechanism by which LZTFL1 inhibits SHH production remains to be determined as active SHH is regulated at the level of transcription, ligand processing, secretion or palmitoylation. As a cytoplasmic protein, LZTFL1 could influence the production of active SHH at any one or all of the levels.

Third, suppression of EMT, maintenance of differentiated state and inhibition of the MAPK and SHH signalings by LZTFL1 may be three independent events, although they may interact with each other. LZTFL1 may achieve its metastasis suppression via one or all three mechanisms.

Proteolytic degradation of extracellular matrix by MMPs is a critical step during cancer invasion and metastasis. MMP10 is involved in pulmonary vascular destabilization and remodeling;^[@bib24]^ our data show that re-expression of LZTFL1 in lung cancer cells suppresses MMP10 expression, suggesting that LZTFL1 may inhibit extravasation of tumor cells by regulating the expression of genes involved in vascular remodeling. As circulating tumor cells have to extravasate into the lung parenchyma in order to colonize and form subsequent metastases, and extravasation and colonization occur within 2 days of entering the circulation in the mouse model,^[@bib29]^ our results suggest that LZTFL1 may inhibit metastasis at the extravasation or colonization step.

Emerging evidence suggest that lung carcinogenesis follows a stepwise model.^[@bib30]^ In this model, a malignant transformation starts with a 'field of cancerization\' and is driven by collective effect of genetic changes of oncogenes and tumor suppressors. Field of cancerization is formed owing to aberrant repair of epithelium by stem/progenitor cells after injury, such as smoking. Genetic and/or epigenetic alterations prevent normal differentiation of these cells, leading to proliferation and expansion of the field and gradually displacing the normal epithelium. Molecular characterization of 'field of cancerization\' is thus an important research area and the identification of a field effect could be used for risk assessment, early diagnosis and monitoring prevention therapies of lung cancer. Based on the role of LZTFL1 in maintaining epithelial cell differentiation and inhibition of tumorigenesis, it is tempting to speculate that lack of LZTFL1 in the repaired epithelium after injury may mark the area for 'field of cancerization\'.

In summary, our studies suggest that LZTFL1 functions as a lung tumor/metastasis suppressor by promoting/maintaining epithelial cell differentiation and inhibiting EMT-induced MAPK pathway and/or SHH pathway. Developments of therapies that lead to re-expression of LZTFL1 represent a new approach to targeted therapy for lung cancer.

Materials and methods
=====================

Plasmid, cell culture, transfection, siRNA and shRNA
----------------------------------------------------

The mammalian expression vector pcDNA-myc-LZTFL1 was described previously.^[@bib6]^ Human lung tumor cell lines HCC95, H460 and H2347 were established by Minna/Gazdar Laboratory and were maintained in complete medium (RPMI 1640 supplemented with 10% fetal bovine serum, 2 mmol/l glutamine). Cells were transfected with plasmids indicated for each experiment using Lipofectamine 2000 according to the manufacturer\'s protocol (Invitrogen, Carlsbad, CA, USA). siRNA duplexes were purchased from Sigma (St Louis, MO, USA) and transfected into H2347 cells using Lipofectamine RNA iMAX Reagent (Invitrogen).

Lentiviral transduction
-----------------------

The cDNA of open reading frame of LZTFL1-ires-GFP was PCR amplified from pIres-LZTFL1-GFP plasmid described previously^[@bib10]^ and cloned into pSin-E2F-gene-puro vector.^[@bib31]^ pSin-E2F-GFP-puro or pSIn-E2F-LZTFL1-ires-GFP-puro were transfected into 293FT cells (Invitrogen) along with packaging vector pMD2-G and envelope vector pSPAX2. Lentiviruses were harvested 36 h later and used to infect HCC95 or H460 cells. Stable cell lines were obtained after puromycin selection. To construct LZTFL1 shRNA lentiviruses, two shRNA sequences of 21 bases corresponding to two different coding regions of LZTFL1 were subcloned in tandem into pLenti6 vector (Invitrogen).

RNA and cDNA preparation, real-time qRT--PCR and microarray analysis
--------------------------------------------------------------------

RNA was extracted from cells grown in monolayer with Trizol Reagent according to manufacturer\'s instructions (Life Technologies, Carlsbad, CA, USA). First-strand cDNA was made using Superscript III Reverse Transcriptase (Invitrogen). SYBR-based qRT--PCR was used to examine relative levels of selected mRNAs. All data were normalized to an internal standard (GAPDH (glyceraldehyde 3-phosphate dehydrogenase); ΔC~T~ method). Microarray analyses were performed using Illumina bead array platform (San Diego, CA, USA).

Antibodies, western blotting, co-immunoprecipitation and IHC
------------------------------------------------------------

Anti-LZTFL1 antibody was made in the laboratory and described previously.^[@bib6]^ Other antibodies used in this study were obtained commercially; myc, GAPDH (Santa Cruz, Dallas, TX, USA; sc-32233), Flag (Sigma, F3165), CDH1 (E-cad) (Life Technologies, 13-1700), Shh (2287), pERK1/2 (4370), ERK1/2 (7050) (Cell signaling, Danvers, MA, USA), and β-tubulin-IV (Sigma, T5201). Western blottings and co-immunoprecipitation were carried out according to standard protocols. The immunocomplexes on the western blotting were detected by chemiluminescence and photographic films. For IHC staining of LZTFL1 and β-tubulin-IV, human lung tissue sections were deparaffined, probed first with anti-LZTFL1 antibody, detected with horseradish peroxidase/3,3′ diaminobenzidine (dark brown) and re-probed with anti-β-tubulin-IV, followed by AP/NBT (dark blue). The slides were briefly stained with hematoxylin (light blue) for nucleus and mounted with aquamount.

Tissue microarray preparation and IHC staining
----------------------------------------------

Formalin-fixed and paraffin-embedded tissues from clinically annotated, surgically resected lung cancer specimens were obtained from the Lung Cancer Specialized Program of Research Excellence Tissue Bank at MD Anderson Cancer Center used to construct NSCLC tissue microarray. Tissue sections (5 μm) were stained with anti-LZTFL1 antibody and assigned expression scores---staining intensity (0, no staining; 1, weak; 2, medium; 3 strong) multiplied by the proportion of stained cells (1, \<50% stained; 2, \>50%stained) as described previously.^[@bib6]^ All slides were scored by two independent observers blinded to the pathology, and clinical features and averaged values were used for the final LZTFL1 score.

HBEC ALI culture
----------------

Human lung tissues were collected after obtaining informed consent on institutional review board-approved protocols. Passage 1 (P1) cells were seeded into plastic dishes in BEGM Basal Epithelial Growth Medium (Lonza, Walkersville, MD, USA; CC-3170). Confluent cultures were passaged to P2 in dishes. After reaching confluence, 1.25 × 10^5^ cells were seeded at 70--90% confluence onto collagen IV (Sigma-Aldrich, St Louis, MO, USA; C7521)-coated 12-mm Transwell permeable supports (BD, Denver, CO, USA; 353180) in ALI culture (STEMCELL Technologies, Vancouver, BC, Canada; 05001). Medium was changed three times a week. For LZTFL1 knockdown experiment, P2 cells at 80% confluence were infected with LZTFL1 shRNA or control enhanced GFP shRNA lentivirus. Cells were selected with 1 μg/ml puromycin 48 h later. After cells were grown back to confluence, cells were passaged and grown subsequently in ALI culture.

IV injection
------------

Cancer cells were harvested at a concentration of 2 × 10^7^ cells/ml of Dulbecco\'s modified Eagle\'s medium with 10% fetal bovine serum. Of the suspending cells, 0.2 ml was injected through the tail vein into 6-weeek-old NOD/SCID. Tumor growth was monitored by bioluminescence image. Mice were killed after 6 weeks and examined for the growth of metastatic tumors in the lung.

Migration assay and *ex vivo* pulmonary metastasis assay
--------------------------------------------------------

Migration assays were performed using 12-well Transwell (Corning, Keller, TX, USA) with 10^5^ cells in Dulbecco\'s modified Eagle\'s medium on the upper chamber and Dulbecco\'s modified Eagle\'s medium/10% fetal bovine serum in the lower chamber. Sixteen hours after seeding, cells in the upper chamber were fixed, stained with 4,6-diamidino-2-phenylindole and photographed. *Ex vivo* metastasis assay was performed according to a published protocol.^[@bib20]^ Briefly, 2 × 10^5^ cells were IV injected into the FVB/N mouse via tail vein. The mice were euthanized by CO~2~ inhalation within 15 min of tumor cell injection. Mouse lungs were exposed, infused with well-mixed culture medium/agarose solution and then removed and placed in a cold solution of phosphate-buffered saline to solidify the agarose/medium solution. Transverse sections were made from each lobe using a no. 21 scalpel blade, were placed on a single sterile Gelfoam (Pfizer-Pharmacia and Upjohn Co.) section in a 6-cm tissue culture dish with culture medium. Lung sections were incubated at 37 °C in humidified conditions of 5% CO~2~. Fresh culture medium was replaced and lung tissue sections were turned over with a sterile iris thumb forceps every other day. GFP+ tumor cells were photographed using a Zeiss Stemi SV 11 Stereo-Microscope (Zeiss, Pleasanton, CA, USA) equipped with Kramer Scientific Quad-Fluorescence illumination and counted without prior knowledge of the genotype of the cell. All animal studies were approved by the Animal Care and Use Committee of UT Southwestern.

Animals
-------

Male adult (6--8 weeks old) FVB and NOD/SCID mice were used. All animal usage in this study was approved by the Institutional Animal Care and Use Committee of UT Southwestern Medical Center.

Statistics
----------

Student\'s *t*-test (two-tailed) was used to compare the difference between two groups. *P*\<0.05 was considered statistically significant. Pearson\'s correlation test and *P*-value were performed using GraphPad Prism (GraphPad Software, La Jolla, CA, USA). The overall survival analysis in lung cancer patients was conducted using the Kaplan--Meier Plotter webtool (<http://www.kmplot.com/lung>) and mRNA data from an aggregate mega-database associated with kmplot. The used probe set for LZTFL1 was 218437_s\_at; the patient samples are split into two groups according to median expression of the LZTFL1. The two patient cohorts are compared by a Kaplan--Meier survival plot. Univariate Cox regression was performed to compute the hazard ratio with 95% confidence intervals and logrank *P*-value. Kaplan--Meier survival analysis associated with LZTFL1 mRNA expression value and copy number variation segment mean from TCGA level 3 data were performed by comparing the survival distribution of two groups with logrank test using the X-tile software (<http://medicine.yale.edu/lab/rimm/research/software.aspx>).^[@bib16]^ We used the X-tile software built-in feature that randomly split the patient cohort into a 'training set\' and a 'validation set\'. The cut point was defined in the training set to achieve the optimal division of outcomes and then independently validated in the 'validation set\'. By doing so, we only tested the difference in the survival outcomes of the groups determined by the cutoff value in the validation set once. The hazard ratio was calculated by COX proportional hazards model.
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![LZTFL1 is expressed in normal lung epithelium and downregulated in NSCLCs. (**a**) LZTFL1 expression in human normal lung epithelium and lung cancers. Clinically annotated, paired normal lung and NSCLC tumor specimens were used to stain LZTFL1 by IHC. Six representative pairs are shown. LZTFL1 is expressed specifically in the cytoplasm of differentiated airway epithelial cells but not in basal cells (arrows). LZTFL1 is downregulated in adeno and squamous cell carcinoma. Interestingly, a membranous and nuclear staining of LZTFL1 can be seen in some lung cancers (arrow head). Scale bar, 40 μ[M]{.smallcaps}. (**b**) Cytoplasmic staining of LZTFL1 in adenocarcinoma from non-recurrent (*n*=13) and recurrent (*n*=8) patients were scored and subjected to statistical analysis (Pearson *r*= −0.788, \**P*\<0.01). (**c**, **d**) Kaplan--Meier survival plot of lung adenocarcinoma (**c**, *n*=719) and never-smoking lung adenocarcinoma patients (**d**, *n*=143) using mRNAs of LZTFL1 from an aggregate mega-database and software kmplot. (**e**, **f**) Kaplan--Meier survival plot of lung adenocarcinoma patients using LZTFL1 mRNA (**e**, *n*=482) and CNV segment mean (**f**, *n*=476) from TCGA level 3 data.](onc2015328f1){#fig1}

![LZTFL1 inhibits lung tumorigenesis. (**a**) Western blotting of LZTFL1 and epithelial markers (CDH1 and KRT18) in three lung cancer cell lines. LZTFL1 is expressed in H2347 cells and low (no) in HCC95 and H460 cells. (**b**) Colony-formation assays with GFP and LZTFL1-GFP expressing H460 and HCC95 cells grown in soft agar. Overexpression of LZTFL1 significantly inhibited colony-formation ability of the tumor cells (*n*=6±s.e.m.). (**c**) Relative migration ability of HCC95 and H460 cells transduced with either GFP or LZTFL1-GFP (*n*=4±s.e.m.). (**d**) H460-GFP or H460-LZTFL1-GFP cells were IV injected into NOD/SCID mice. Tumors were harvested 6 weeks later. The number of tumor nodules formed in the lung of mice injected with H460-LZTFL1-GFP cells were significantly lower than that of mice injected with control vector transfected cells (H460-GFP) (*n*=5±s.e.m.). (**e**) H&E staining of two representative lung sections from each experimental group in (**d**). (**f**) Control GFP or LZTFL1-GFP-expressing HCC95 cells were IV injected into a FVB mouse through the tail vein. Lungs were harvested within 15 min of tumor cell injection, sliced and cultured *ex vivo*. Representative serial images of fluorescent-labeled HCC95 cells in lung sections in the culture dish were taken at the indicated time points with Zeiss fluorescent microscope. (**g**) Fluorescent colonies were counted and averaged from 10 randomly chosen lung slices/experiment from three independent experiments (*n*=3±s.e.m.). \**P*\<0.01.](onc2015328f2){#fig2}

![LZTFL1 is expressed in ciliated bronchial epithelial cells and its expression is correlated with epithelial cell differentiation. (**a**) IHC of human bronchial tissue stained with LZTFL1 (brown color, arrow)) and β-tubulin-IV (arrow head). (**b**) Relative level of transcripts of LZTFL1 and ciliated epithelial cell marker FOXJ1 normalized against internal GAPDH in ALI culture at the indicated time points during HBEC differentiation. Representative of at least three experiments is shown. (**c**) Western blotting of LZTFL1 in HBECs infected with none or lentiviruses expressing vector shRNA, or LZTFL1 shRNA. (**d**) Hematoxylin and eosin-stained sections of none, control shRNA or LZTFL1 shRNA-infected HBECs on inserts at ALI D25. Cilia are marked by arrows. Scale bar=20 μ[m]{.smallcaps}.](onc2015328f3){#fig3}

![LZTFL1 inhibits tumor cell EMT. (**a**) Heat map of genes differentially expressed (greater than or equal to twofold) in LZTFL1-expressing HCC95 and H460 cells compared with GFP-expressing cells. (**b**) Transcripts of MMP10 in LZTFL1-GFP expressing HCC95, H460 and MDA-MB-231 cells measured by qRT--PCR. Transcripts were expressed relative to that in control GFP-expressing cells. (**c**) H2347 cells were transduced with lentiviral vectors expressing GFP or LZTFL1 and treated with or without TGFβ. Cells were harvested 30 min later for western blotting (WB) analysis with pERK1/2 and ERK1/2 antibodies. (**d**) myc-BRAF was transfected without or with Flag(**f**)-LZTFL1 into 293 T cells. Cell lysates were immunoprecipitated (IP) with anti-flag antibody and western blotted with anti-myc antibody. In all, 10% of input was loaded on the gel. (**e**) MMP10-luciferase activities from H2347 cells transfected with or without LZTFL1, stimulated with or without TGFβ or co-transfected with or without MEK1(R4F). (**f**, **g**) Control siRNA (ctl) or LZTFL1-specific siRNAs (LZTFL1-1 and -2) were transfected into H2347 cells. Cell lysates were harvested 72 h later for WB (**f**) and qRT--PCR analysis (**g**). For rescuing experiment in panel (**f**), lentiviruses expressing either GFP or mouse-Lztfl1 were transduced into LZTFL1-siRNA-transfected cells 24 h after transfection.](onc2015328f4){#fig4}

![LZTFL1 inhibits Hh signaling. (**a**) Relative SHH level in HCC95-GFP and HCC95-LZTFL1-GFP cells normalized against internal GAPDH. (**b**) Western blotting of cell lysates from HCC95-GFP and HCC95-LZTFL1-GFP cells probed with antibodies against SHH and LZTFL1. GAPDH was used as a loading control. (**c**) Gli1-luc reporter activities from Hh reporter cell line light2 cultured alone, with HCC95-GFP or with HCC95-LZTFL1-GFP cells (*n*=3±s.e.m., \**P*\<0.05, LZTFL1 vs GFP). (**d**) IHC of SHH from sections of HCC95-GFP and HCC95-LZTFL1-GFP tumors grown in *ex vivo* lung culture.](onc2015328f5){#fig5}
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